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A recent paper published by Kimchi, Xu, and Dulac in Nature describes the emergence of male-type
sexual behavior in female mice following incapacitation of the accessory olfactory system. The
authors argue that this implies a default male-type behavioral pattern that is otherwise constantly
inhibited in the female brain by chemical signals transduced in the accessory olfactory system. In
addition to reviewing these findings, we suggest in this Preview how these findings in the mouse
could have relevance for human behavior.Background
All animals communicate with chemi-
cal signals. In other words, chemicals
emitted by one member of the species
(typically in urine or through special-
ized scent glands) convey messages
to other members of the same species.
These messages are typically related
to ‘‘social’’ interaction and are espe-
cially prevalent in interactions related
to reproduction (reviewed in Brennan
and Kendrick, 2006). For example,
one animal can convey to the other its
level of ‘‘willingness’’ to mate via such
signals. However, this chemical inter-
action goes far beyond mere signaling.
For example, a mature female rodent
can delay the puberty of other (‘‘com-
petitive’’) female rodents by deploying
such a chemical signal. In turn, a male
rodent can accelerate the puberty of
female rodents by emitting a different
chemical signal. An especially dra-
matic instance of such chemical com-
munication, termed the Bruce effect,
entails an abortion of pregnancy fol-
lowing exposure to a chemical signal
emitted by a male who was not the fa-
ther, if occurring within a critical time
window of the pregnancy. In otherwords, when a pregnant rat smells
that particular smell, the pregnancy is
aborted (reviewed in Brennan and Ken-
drick, 2006, and references therein).
The chemical signals that take part
in these communications are often
termed pheromones. The application
of this originally entomological term to
the behavior of mammals, however,
has been the source of much contro-
versy, and in this respect, has not
served to further the investigation of
mammalian chemosignaling.
In mammals, chemosignals are
transduced through a series of sense
organs located typically in the nose
and mouth. Most notable of these
sense organs are the main olfactory
system, trigeminal nerve endings, and
accessory olfactory—or vomero-
nasal—system. Decades of research
into chemical communication have
taught us that most (but not all) signals
related to reproduction behavior are in
fact processed in the third above-
mentioned subsystem, namely the
vomeronasal system (reviewed in
Brennan and Kendrick, 2006, and ref-
erences therein). The vomeronasal
system has receptors housed withinNeuron 55, Sea specialized sense organ often
termed the vomeronasal organ, or
VNO. The VNO is located in some ani-
mals in the nose, in others on the roof
of the mouth, and in some it takes the
form of a duct communicating be-
tween the nose and mouth. Following
transduction, signals are conveyed
via the vomeronasal nerve to the ac-
cessory olfactory bulb, and from there
directly to limbic targets such as amyg-
dala and hypothalamus, where these
signals influence limbic-type behavior,
both directly and through production
and regulation of hormones. The spe-
cific role of the VNO in mediating che-
mosignals related to reproduction
was mostly elucidated through abla-
tion studies where the sensory organ
was abolished. For example, if you
lesion the main olfactory system of
a rat, the Bruce effect persists. By con-
trast, if you lesion the rat VNO, the
Bruce effect is eliminated (Brennan
and Kendrick, 2006, and references
therein). In other words, the VNO is crit-
ical for particular types of chemical
communication.
Modern genetics has introduced an
alternative method to ablation, namelyptember 6, 2007 ª2007 Elsevier Inc. 689
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surgically removing a target of interest,
one can render inoperative the genes
encoding for the target. This approach
has been powerfully applied in the lab
of Catherine Dulac to investigate vom-
eronasal function. As a target for
knockout, Dulac and colleagues iden-
tified a transient receptor potential
(TRP) channel subunit known as
TRPC2. This target was particularly
appealing because it is essential for re-
ceptor function, it is expressed in all
sensory neurons of the VNO, and criti-
cally, it is not expressed elsewhere in
the CNS (reviewed in Zufall et al.,
2005). Indeed, the VNO of homozygote
knockout mice (TRPC2/) lacked
functionality as evidenced by both
field potential recordings and extracel-
lular recordings following administra-
tion of pheromones. Furthermore, re-
sponses to the second messenger
diacylglycerol (DAG) were strongly de-
creased in VNOs of TRPC2/ mice
(Zufall et al., 2005, and references
therein). Homozygote knockout mice
(TRPC2/) can therefore be seen as
functionally equivalent to mice with
specific and complete surgical lesions
of the VNO. The advantage of this
method over surgical lesioning is in
its anatomical specificity: one is le-
sioning the VNO only. The advantage
of surgical lesioning is in its temporal
specificity: one is deleting VNO func-
tion at a particular point in time. In con-
trast, an unintended non-VNO devel-
opmental impact of TRPC2 knockout,
although unknown, remains plausible.
In a series of studies, Dulac and col-
leagues have depicted a behavioral
TRPC2/ phenotype characterized
by the activation of normal social and
sexual behavioral patterns, albeit in
inappropriate contextual settings (re-
viewed in Zufall et al., 2005). For exam-
ple, TRPC2/ males increase their ef-
forts to mount other males. Despite
these and other behavioral oddities,
and the expectation that depriving the
accessory olfactory bulb from its input
via the VNO could have deleterious ef-
fects on downstream limbic and endo-
crine targets,TRPC2/mice neverthe-
less have a similar number of offspring
as their wild-type counterparts (Zufall
et al., 2005, and references therein).690 Neuron 55, September 6, 2007 ª20In the current study, Kimchi, Xu, and
Dulac (Kimchi et al., 2007) shifted their
efforts to concentrate on the behav-
ioral phenotype of the female rather
than male TRPC2/ mice. In a first
set of experiments, female homozy-
gote knockout (TRPC2/), heterozy-
gote (TRPC2+/), and wild-type mice
(TRPC2+/+) were visited by a sexually
experienced male in their home cage.
Whereas wild-type and heterozygote
female mice were sexually receptive,
TRPC2/ female mice enacted solici-
tation (investigating the anogenital re-
gion of the male mouse), and repeat-
edly tried to mount the male intruder,
evoking aggressive behavior.
To prevent the aggressive behavior
by the intruder, in a second set of stud-
ies Kimchi et al. used intruders that
were first castrated or bulbectomized
to reduce their aggression, but then
swabbed with male urine so as still to
be recognized as males by the hosts.
Here, male and female intruders were
presented to female (TRPC2/,
TRPC2+/, and TRPC2+/+) and male
(TRPC2/, TRPC2+/) hosts. Param-
eters quantified were the number of
animals mounting the visitor, latency
to mounting, average duration of the
mounting, occurrence of pelvic
thrusts, solicitation time, and ultra-
sonic vocalization of a type typical to
males. In summary across all mea-
sures, TRPC2/ female mice were
different from TRPC2+/ and TRPC2+/+
female mice but could not be differ-
entiated from male mice carrying at
least one functional TRPC2 allele.
TRPC2/ mice are lacking a func-
tional VNO throughout life. To ask
whether the behavioral changes in VNO
knockout mice were an acute conse-
quence rather than a developmental
effect, Kimchi et al. surgically ablated
the VNO in mature male and female
mice with intact TRPC2 channels 3
weeks before repeating the behavioral
experiments. Except for the solicitation
time, there was no difference between
surgical and genetic VNO knockout,
thus implying that the results did not
reflect a developmental process, but
rather a genuine VNO function.
To ask whether these effects would
persist in more natural conditions and
to test for any relation between the ob-07 Elsevier Inc.served mounting behavior and overall
social status, in a final set of experi-
ments, two groups of four female
mice were housed in subdivided ca-
ges. No obvious social hierarchy
emerged in these groups, and more im-
portantly, no relation between the level
of female-on-male mounting and the
level of aggression toward each other
was found. This suggested that the
mounting behavior was not merely a
reflection of vying for social status or
dominance, but rather reflected genu-
ine sexual behavior directed at an inap-
propriate (in strict reproductive terms)
target. Finally, after introducing a male
to the cages, both wild-type and
knockout mice got pregnant. Whereas
maternal behavior was initially indistin-
guishable between knockout and wild-
type, within a few days a difference
emerged whereby TRPC2/ mice
spent less time with their pups. Follow-
ing removal of cage separators,
TRPC2/ mice also spent increased
time in exploring the enlarged environ-
ment, whereas wild-type female mice
remained in their nests.
Overall, the authors argued that
this ‘‘sudden sex-reversal of female
behavior’’ demonstrates a permanent
need for VNO input in order to prevent
the activation of typical male behav-
ioral patterns.
Is Mounting ‘‘Male Behavior’’?
When one thinks of the Kimchi et al.
finding in the simplest of terms, one
is tempted to say that the knockout
made females behave like males. In-
deed, part of what is so provocative
in this work is the notion of a default
male pattern of behavior that is con-
stantly inhibited in the female brain,
an inhibition that was uncovered by
VNO ablation (whether genetic or sur-
gical). However, review of the relevant
literature reveals that mounting is not
as exclusive a male behavior as one
might think. Although male-on-female
mounting is the most common mam-
malian form, female-on-female mount-
ing is nevertheless surprisingly (to the
layperson) common throughout the
mammalian kingdom. For example,
during 376 hr of observation of a pack
of jennies (female donkeys), 169 epi-
sodes of female-on-female mounts
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estrus mounted the male during the
same observation period: one
mounted once and the other ten times
(Henry et al., 1991). Female-on-female
mounting is often described as unco-
ordinated and lacking in pelvic thrusts
and thus is considered by some as
a form of sociosexual behavior related
to such issues as dominance and lack-
ing any sexual motivation per se. By
contrast, Kimchi et al. describe the nu-
ances of mounting in TRPC2/ fe-
male mice as indistinguishable from
those of male mounting moves and
note that they were unrelated to social
status and thus seemingly clearly sex-
ual in nature. This important distinc-
tion, however, is not restricted to
TRPC2/ female mice. For example,
an overwhelmingly high proportion of
female macaques engage in female-
on-female mounting. In one study EV-
ERY sexually mature female in the Uni-
versity of Montreal colony consorted
with other females. During these court-
ships, females mounted each other, on
average, 31 times per hr of observation
(n = 129 observation hours). Critically,
macaque female-on-female mounting
is also similar to male-on-female
mounting in terms of pelvic thrusts, ad-
heres to the familial rules of sexual be-
havior (no kin mounting), and involves
simultaneous self-stimulation de-
scribed as masturbation (Vasey et al.,
2006, and references therein). On one
hand, it is noteworthy that it is as-
sumed that macaques do not have
a VNO, and hence this increased level
of female-on-female mounting partic-
ularly in this species can be taken as
further evidence for the role of the
VNO in suppressing this behavior.
However, the prevalence of female-
on-female mounting in VNO-possess-
ing species such as donkey highlights
that sexual female-on-female mount-
ing is not restricted to TRPC2/ or
VNOx females. All this, however, takes
nothing from the dramatic results of
Kimchi et al., as the essence of their
finding is the link between rates of
this behavior and VNO functionality.
This critical link, as manifested in the
difference in mounting behavior be-
tween TRPC2/ and TRPC2+/ fe-
males, is powerfully backed by theirdata. Here, we justaim toput this incon-
text: TRPC2/ did not unveil an other-
wise unobservable behavior, namely
female-on-female sexual mounting.
TRPC2/ did, however, lead to an un-
questionable increase in this behavior.
Is It All About Testosterone?
It is notable that the TRPC2/ female
mice had double the levels of free tes-
tosterone as did the TRPC2+/ female
mice. Could this increase in testoster-
one be responsible for the observed
effects? Administration of testoster-
one can induce male-like behavior
in females, but the typical extent of
hormonal administration necessary to
produce such effects is far beyond
the doubling seen here. That said, the
increase in testosterone seen here
was by endogenous mechanisms
that are far more efficient than exoge-
nous administration. When rather
than injecting testosterone one ob-
serves its natural (endogenous) rela-
tion to male-type behavior in females,
one finds pronounced differences in
behavior associated with relatively
minor changes in testosterone. For ex-
ample, mares will rarely spontaneously
mount other mares, yet a relative in-
crease in testosterone that was similar
to that seen in TRPC2/ mice was
sufficient to discriminate the mounting
(17.7 ± 2.3 pg/ml) from the mounted
(10.9 ± 0.5 pg/ml, p < 0.01) mares
(Gastal et al., 2007). Furthermore,
when considering the difference in
testosterone between TRPC2/ and
wild-type females, one can arrive at
an alternative way of thinking about
Kimchi et al.’s results: increased tes-
tosterone can cause female goats to
adopt male-type sexual behavior, such
as mounting, and surprisingly, also
lead female goats to produce other-
wise male pheromones (Kakuma et al.,
2007). Thus, whereas Kimchi et al.
have framed their results in the context
of loss of function (i.e., TRPC2/ fe-
males lost the ability to discriminate
between sexes), their effects may
have been due in part also to additions
in function, such as the production of
a pheromonal signal in TRPC2/ fe-
male mice that signals their intension
to mount. This potentially complemen-
tary explanation to the observed be-Neuron 55, Sephavior should serve to remind us of
an important rule when thinking about
chemical (and other) communication:
it involves two (or more) parties, and
both sides are active participants in
the communication.
All that said, even if the observed
behavioral effects are strongly linked
to levels of testosterone, they remain
equally intriguing. What drove the in-
creased testosterone? Was it the lack
of VNO input? Was it the behavior
that then drove the testosterone? Or
was it perhaps TRPC2 acting in yet un-
known functions? This issue regarding
testosterone is but one of the places
where this manuscript raises so many
good questions.
Are These Findings Directly
Related to Human Behavior?
The study by Kimchi et al. makes for
particularly good dinner-table conver-
sation, and that is in large part because
we all wonder how relevant these
findings might be to human behavior.
After all, we are mammals. Thus, might
olfactory cues dominate our sexual
behavior? Might individual differences
in the organization of our chemical
senses underlie our sexual prefer-
ences? Indeed, do humans even have
an accessory olfactory system? Re-
garding the latter, most evidence
points toward a negative answer
(reviewed in Meredith, 2001; Witt and
Hummel, 2006; Wysocki and Preti,
2004). Although a VNO appears func-
tional in human fetuses, it apparently
undergoes degeneration during devel-
opment and is considered vestigial in
the adult human. Although the ultra-
structure of a VNO pit is nevertheless
identifiable in most adult humans,
there is no evidence for a nerve inner-
vating this structure and scant evi-
dence for a human accessory olfactory
bulb (the expected target for VNO
neurons). Although one group has
reported recording specific electrical
surface-responses from the human
VNO following administration of puta-
tive human pheromones, the work of
this group has come under consider-
able criticism and has yet to be repli-
cated by others (reviewed in Meredith,
2001; Witt and Hummel, 2006; Wy-
socki and Preti, 2004). Finally, thetember 6, 2007 ª2007 Elsevier Inc. 691
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receptors are mostly psuedogenes in
humans (including those for TRPC2),
although a few apparently functional
genes remain (Rodriguez et al., 2000).
Taken together, most but not all current
evidence points against a functional
vomeronasal system in humans.
However, there are several in-
stances of chemosignaling between
mammalian conspecifics that do not
depend on a vomeronasal system,
but rather on transduction in the main
olfactory system. Some of these in-
clude signaling that otherwise fits
neatly into the domain of pheromonal
behavior. For example, sticking to the
type of behavioral phenomena de-
scribed in Kimchi et al., both male
and female ferrets loose preference
for odors of the opposite sex after
selectively physically blocking the
main and not accessory olfactory
system (Kelliher and Baum, 2001).
Similarly, CNGA2 knockout mice that
have no main olfactory signaling, but
are expected to have VNO signaling,
nevertheless fail to mate or fight (Man-
diyan et al., 2005). This raises the pos-
sibility of human pheromones acting
through either specialized or nonspe-
cialized receptors in the main olfactory
system. Indeed, there are several in-
stances of human behavior that fall
within the classical framework of pher-
omonal communication. The leading
example is the phenomenon of men-
strual synchrony (McClintock, 1971),
whereby women living in close proxim-
ity, such as roommates in dorms,
undergo chemosignal-mediated syn-
chronization in their menstrual cycle.
Similarly, odors obtained from lactat-
ing women increase the temporal var-
iability in the menstrual cycle of other
women. Chemosignals in human
sweat influence the timing of luteineiz-
ing hormone (LH) peaks in women,
and merely smelling volatile steroids
synthesized after those in sweat influ-
ences levels of cortisol, as well as
a host of psychophysiological and
mood indexes (reviewed in Wysocki
and Preti, 2004; Jacob et al., 2004;
Wyart et al., 2007, and references
therein). Furthermore, hypothalamic
brain activation induced by smelling
these compounds, tentatively referred692 Neuron 55, September 6, 2007 ª20to as putative human pheromones,
was sex specific, and sexual-orienta-
tion specific (Berglund et al., 2006,
and references therein). In other words,
chemosignal-induced activity in the
brains of gay men and women was sim-
ilar to that in the brains of heterosexuals
of the opposite sex. Taken together,
there is a preponderance of evidence
that volatile compounds released by
humans, primarily in sweat, influence
reproduction-related mood and physi-
ology, including endocrine state, in
other humans. Finally, olfactory loss is
often associated with sexual dysfunc-
tion in humans. However, because
this loss is usually studied as an aspect
of an otherwise systemic process or
disease that itself influences sexual
function (e.g., Kallmann’s syndrome,
depression, neurodegenerative dis-
ease), the influence of olfactory pro-
cessing alone on sexual function in
humans remains to be explored. With
all this in mind, many key questions
remain unanswered: what specific
human behaviors are influenced by
chemosignals? Is there an arsenal of
individual signaling molecules to be
found, or is signaling dependent on
more complex ratios between ever-
present components? What are the
pathways to transduction? Despite
a preponderance of evidence against
a human vomeronasal system, in our
view this issue still awaits final resolu-
tion. Furthermore, under the hypothe-
sis of main olfactory processing of
human chemosignals, is this process-
ing a reflection of transduction at spe-
cialized receptors within the main
olfactory system or merely specific
patterns of activation in otherwise
widely tuned olfactory receptors? All
these are key unanswered questions.
In conclusion, it is unusual that a sin-
gle high-quality scientific manuscript
describing a limited set of studies
(i.e., not a review) conducted with
mice can make one think of the most
fundamental aspects of identity. Fur-
thermore, it is equally unusual that
such a study produce video footage
that convincingly conveys the main find-
ings within seconds (we recommend
viewing at http://www.nature.com/
nature/journal/vaop/ncurrent/suppinfo/
nature06089.html).07 Elsevier Inc.The study by Kimchi, Xu, and Dulac
does both. A main finding was that cir-
cuitry needed for male-type sexual be-
havior was also present in the female
central nervous system. Whereas pre-
vious studies had indicated that some
aspects of male sexual behavior can
be enacted by females, Kimchi et al.
shine by quantifying very specific and
precise features of male sexual behav-
ior (e.g., vocalizations), allowing them
to state that not only some remnants
of male behavior can be generated
by females, but rather a precise copy
of male behavior can be released by
modification of normal control mecha-
nisms. The second crucial finding was
that the VNO activation is part of the
cascade of events that suppress
releasing factors of certain (male) be-
havioral patterns, while at the same
time VNO activation is needed for gen-
erating other (aggressive) behavioral
patterns. The exact mechanism and
integration point of the VNO in activa-
tion and suppression of innate behav-
ioral patterns remains unknown and
will undoubtedly fuel research in this
exciting field.
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